Previous studies in experimental animals indicate an important inhibitory interaction between cardiopulmonary and arterial baroreflexes. In the dog, for example, cardiopulmonary vagal afferents modulate carotid baroreflex control of vascular resistance. On the other hand, previous studies in human subjects have not produced convincing evidence of a specific interaction between these baroreceptor reflexes. The purpose of this study was to determine whether unloading of cardiopulmonary baroreceptors in humans with nonhypotensive lower body negative pressure selectively augments the reflex vasoconstrictor responses to simulated carotid hypotension produced by neck pressure. In nine healthy subjects, we measured forearm vascular responses with plethysmography during lower body negative pressure alone (cardiopulmonary baroreflex), during neck pressure alone (carotid baroreflex), and during concomitant lower body negative pressure and neck pressure (baroreflex interaction). Lower body negative pressure produced a greater than twofold augmentation of the forearm vasoconstrictor response to neck pressure. This increase in resistance was significantly greater (P < 0.05) than the algebraic sum of the increase in resistance from lower body negative pressure alone plus that from neck pressure alone. In contrast, lower body negative pressure did not potentiate the forearm vasoconstrictor responses either to intra-arterial norepinephrine or to the cold pressor test. Thus, the potentiation of the vasoconstrictor response to neck pressure by lower body negative pressure cannot be explained by augmented reactivity to the neurotransmitter or to a nonspecific augmentation of responses to all reflex vasoconstrictor stimuli.
Introduction
Previous studies in experimental animals indicate an important inhibitory interaction between cardiopulmonary and arterial baroreflexes. In the dog, for example, cardiopulmonary vagal afferents modulate carotid baroreflex control of vascular resistance. On the other hand, previous studies in human subjects have not produced convincing evidence of a specific interaction between these baroreceptor reflexes.
The purpose of this study was to determine whether unloading of cardiopulmonary baroreceptors in humans with nonhypotensive lower body negative pressure selectively augments the reflex vasoconstrictor responses to simulated carotid hypotension produced by neck pressure. In nine healthy subjects, we measured forearm vascular responses with plethysmography during lower body negative pressure alone (cardiopulmonary baroreflex), during neck pressure alone (carotid baroreflex), and during concomitant lower body negative pressure and neck pressure (baroreflex interaction). Lower body negative pressure produced a greater than twofold augmentation of the forearm vasoconstrictor response to neck pressure. This increase in resistance was significantly greater (P < 0.05) than the algebraic sum of the increase in resistance from lower body negative pressure alone plus that from neck pressure alone. In contrast, lower body negative pressure did not potentiate the forearm vasoconstrictor responses either to intra-arterial norepinephrine or to the cold pressor test. Thus, the potentiation of the vasoconstrictor response to neck pressure by lower body negative pressure cannot be explained by augmented reactivity to the neurotransmitter or to a nonspecific augmentation of responses to all reflex vasoconstrictor stimuli.
In conclusion, nonhypotensive lower body negative pressure selectively augments carotid baroreflex control of forearm vascular resistance. These experiments demonstrate a specific inhibitory cardiopulmonary-carotid baroreflex interaction in humans.
A preliminary report of this work was presented at the 56th Scientific Session of the American Heart Association in Anaheim, CA on 16 No-Hypotension and hypovolemia often occur together in the clinical setting, so the arterial and cardiopulmonary baroreceptors are affected simultaneously (1) . In most experimental studies of arterial and cardiopulmonary baroreflexes in humans, however, the reflexes have been activated individually, and the possibility of reflex interaction has received little attention (2) . In contrast, an important interaction between high and low pressure baroreceptor reflexes has been demonstrated repeatedly in experimental animals (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In the dog, for example, interruption of cardiopulmonary vagal afferents augments vasoconstrictor responses to carotid hypotension ( 12) .
Baroreflex interactions are obviously more difficult to study in human subjects than in experimental animals. In previous human studies ofthis reflex interaction, cardiopulmonary baroreflexes have been perturbed with lower body negative pressure (LBNP)' and carotid baroreflexes with neck suction. Using these methods, earlier experiments in this laboratory demonstrated that physiologic variations in central venous pressure do not alter carotid baroreflex control of heart rate in humans (13). Previous studies have also examined vascular responses during combined application of LBNP at -40 mmHg and neck suction (14) (15) (16) . Because LBNP at -40 mmHg itself produces significant decreases in arterial pressure and therefore unloads both high and low pressure baroreceptors, these studies do not permit definitive conclusions concerning a possible interaction between cardiopulmonary and carotid baroreflex control of vascular resistance.
Therefore, the purpose of this study was to determine (a) whether selective unloading of cardiopulmonary receptors with nonhypotensive LBNP augments carotid baroreflex control of vascular resistance in humans, and (b) whether this effect of LBNP represents a specific inhibitory interaction of cardiopulmonary and carotid baroreflexes rather than a nonspecific generalized augmentation of vascular reactivity or reflex responsiveness.
There are several distinctive features ofthis study compared to the previous human studies of cardiopulmonary (12) . Third, we used LBNP at -10 mmHg rather than at -40 mmHg in triggering cardiopulmonary baroreflex responses. Because LBNP at -10 mmHg decreases central venous pressure but does not decrease mean arterial pressure, pulse pressure, or arterial dp/dt (19) (20) (21) (22) , the assumption is that LBNP at -10 mmHg produces selective unloading of cardiopulmonary vagal afferents without altering the mechanical determinants ofcarotid (or aortic) baroreceptor discharge. Fourth, to determine the specificity of the effect of LBNP on forearm vascular responses to neck pressure, we also studied the effects of LBNP on vasoconstrictor responses to the cold pressor test and to intra-arterial norepinephrine.
Methods
Subjects. 22 healthy male volunteers, ages 18-29 yr, were studied without sedation in the supine, postabsorptive state. All subjects were free of cardiovascular disease based on a medical history and physical examination and were not receiving any medication at the time of the study. Each subject gave written informed consent. The study protocol was approved by the Human Subjects Review Committee at the University of Iowa.
Procedures. Forearm blood flow was measured by venous occlusion plethysmography, using a mercury-in-silastic Whitney strain gauge (23) . The strain gauge was placed -5 cm distal to the antecubital fossa. The arm was elevated and supported so that the proximal forearm was 10 cm above the anterior chest wall. Circulation to the hand was arrested by inflating a cuff around the wrist to 180 mmHg during determinations of forearm blood flow. The pressure of the venous congesting cuff in the upper arm was 40 mmHg. Forearm blood flow was measured at 15-s intervals.
Arterial pressure was measured in the arm either by sphygmomanometry, with one observer performing all measurements, or by an indwelling arterial cannula (No. 6 French) which was inserted under local anesthesia (1% xylocaine) into the brachial artery using the Seldinger technique. Heart rate was determined from the continuous electrocardiogram.
In some experiments, a venous catheter (internal diameter 0.7 mm, length 60 cm) was inserted percutaneously into an antecubital vein under local anesthesia and advanced to an intrathoracic vein for measurement of central venous pressure.
Forearm vascular resistance was calculated by dividing mean arterial pressure (diastolic pressure plus one-third of pulse pressure in mmHg) by forearm blood flow (ml -min-' 100 ml-' forearm volume) and expressed as resistance units.
Venous pooling was produced by application of negative pressure at -10 mmHg to the lower body, which was enclosed in an airtight box to the level ofthe iliac crests. Carotid baroreceptor stimulation was decreased by application of positive pressure to the anterolateral neck using a neck collar as previously described (24) . Neck pressure decreases transmural carotid pressure (simulated carotid hypotension) and therefore decreases the deformation of carotid baroreceptors (25) .
Changes in mean arterial pressure, heart rate, forearm blood flow, and forearm vascular resistance which resulted from LBNP alone (cardiopulmonary baroreflex) and neck pressure alone (carotid baroreflex)
were compared with those that occurred when lower body negative pressure and neck pressure were performed simultaneously (interaction of cardiopulmonary and carotid baroreflexes).
Responses to the cold pressor test were assessed by immersion of the subject's hand in ice water for 2 min. Although the cold pressor test produces reflex forearm vasoconstriction, this response is not triggered by the carotid baroreflex (26) .
Responses to the adrenergic neurotransmitter were studied by brachial artery infusion of norepinephrine. Norepinephrine bitartrate was diluted in 5% dextrose in water and infused into the brachial artery at 37.5 and 75.0 ng/min sequentially for 4 min at each dose. Brachial artery infusion of norepinephrine at these concentrations produces dose-dependent decreases in blood flow in the ipsilateral forearm but does not alter systemic arterial pressure, heart rate, or blood flow in the contralateral forearm (27, 28) . Therefore, this experimental strategy permits assessment of the direct effect of norepinephrine on the resistance vessels in the forearm in the absence of systemic reflex effects. Infusion of vehicle at the maximum infusion rate (0.6 ml/min) did not alter forearm blood flow.
Protocol. Recordings were made in nine subjects during the following interventions: (a) LBNP at -10 mmHg, (b) neck pressure at +20 mmHg, (c) neck pressure at +30 mmHg, (d) LBNP at -10 mmHg plus neck pressure at +20 mmHg, and (e) LBNP at -10 mmHg plus neck pressure at +30 mmHg. The order of the five interventions was randomized.
Each study period lasted 6 min, including 2 min each of control, intervention, and recovery. There was a 10-min rest period between each 6-min study period. Forearm blood flow, systemic arterial pressure, heart rate, and forearm vascular resistance determinations were made during the last 60 s of each 2-min interval.
To test effects of LBNP on vasoconstriction during the cold pressor test, responses were studied in six additional subjects during (a) LBNP at -10 mmHg, (b) cold pressor test, and (c) simultaneous application of LBNP at -10 mmHg and the cold pressor test.
Additional experiments were conducted in seven more subjects to compare the effect of LBNP on the forearm vascular responses to brachial artery infusion of norepinephrine with the effect of LBNP on the reflex responses to neck pressure. The following interventions were performed: (a) norepinephrine at 37.5 and 75.0 ng/min, (b) norepinephrine at 37.5 and 75.0 ng/min during LBNP at -10 mmHg, (c) neck pressure at +30 mmHg, and (d) neck pressure at +30 mmHg during LBNP at -10 mmHg. During the combined interventions, LBNP was always administered first for 90 s, and then the responses to norepinephrine or to neck pressure were superimposed upon the steady-state response to LBNP.
Data analysis. Statistical comparisons were made with the t test for paired observations. Statistical significance was P < 0.05. Values in the text are mean±standard error.
Results
Effect ofLBNP (-JO mmHg). This mild level of LBNP decreased central venous pressure by 3±1 mmHg (n = 3). LBNP produced a small but significant decrease in forearm blood flow but did not cause significant changes in heart rate, mean arterial pressure, or calculated forearm vascular resistance (Table I) . Furthermore, LBNP at -10 mmHg did not alter arterial pulse pressure.
Effect ofneck pressure. Table I shows that neck pressure at +20 mmHg produced a significant elevation in mean arterial pressure but did not significantly increase forearm resistance. Neck pressure at +30 mmHg increased mean arterial pressure, heart rate, and forearm resistance (Table I) . Neck pressure did not alter central venous pressure.
Effect of LBNP on responses to neck pressure. Table I and Figs. I and 2 show that LBNP caused a greater than twofold increase in the forearm vasoconstrictor responses to neck pressure at +20 and at +30 mmHg. Most importantly, the increase in forearm resistance during concomitant application of LBNP at -10 mmHg and neck pressure at +30 mmHg was significantly greater than the algebraic sum of the increases in forearm resistance during LBNP alone and neck pressure alone (Table I, Figs.  I and 2) .
In contrast, LBNP did not augment the increases in heart rate during neck pressure ( (Fig. 3) . In the 2nd min ofthe interventions, the increase in forearm resistance during simultaneous appli- cation of LBNP and the cold pressor test (+8.4±1.7 U) was actually significantly less (P < 0.05) than the algebraic sum of the increases during LBNP alone (+2.1±0.4 U) and the cold pressor test alone (+1 1.3±2.9 U). Furthermore, the pressor response during the 2nd min ofthe combined intervention (+ 16±3 mmHg) was also significantly less (P < 0.05) than the sum of the responses to LBNP alone (-1±1 mmHg) and to the cold pressor test alone (20±3 mmHg).
Effect ofLBNP on vasoconstrictor responses to norepinephrine. Fig. 4 A shows that brachial artery infusion of norepinephrine produced dose-dependent increases in forearm resistance and that the slope of this dose-response relationship was not altered by LBNP. In contrast, in the same experiments LBNP augmented the reflex forearm vasoconstrictor response to neck pressure at 30 mmHg (Fig. 4 B) . Neck pressure alone produced only a small but significant increase in forearm vascular resistance from 18.3±3.0 to 20.5±3.7 U (P < 0.05 vs. control); however, when neck pressure was applied during LBNP, forearm vascular resistance increased more sharply from 20.5±3.1 to 25.4±4.4 U (P < 0.05 responses to neck pressure alone versus neck pressure responses during LBNP). (29, 30) . The intraarterial infusion of norepinephrine provides an internal control for this possibility. Whereas LBNP produced augmented reflex vasoconstrictor responses to neck pressure in these subjects (Fig.  4 B) , vasoconstrictor responses to norepinephrine were not potentiated by LBNP (Fig. 4 A) . Therefore, increased base-line vasomotor tone does not produce a nonselective, generalized enhancement of superimposed vasoconstrictor rest setting. The norepinephrine responses also demonstrat fect of LBNP on the neck pressure responses cannot by a generalized facilitation of vascular responsiN adrenergic neurotransmitter during LBNP. These fij however, do not prove that the mechanism ofenhai vascular responses to neck pressure during LBNP central activation of sympathetic vasoconstrictor n reasons. First, the relationship between the degree of the sympathetic nerves and the output of norepini the peripheral adrenergic nerve endings is not nece (31, 32) , Thus, the finding of an augmented vasoct sponse to concomitant application of two vasoconsti namely neck pressure and LBNP, could be due tc relationship between sympathetic nerve activity transmitter release. Second, LBNP might stimulate ullary secretion of epinephrine, which in turn co release of norepinephrine from adrenergic varicos ulation of prejunctional fl-adrenoreceptors (33) (34) (35) If LBNP alters the relationship between symp, activity and norepinephrine release by either ofthe anisms, one would predict that LBNP should als mented forearm vascular responses to any stimulus I reflex increases in sympathetic neural drive. To tc Neck Pressure bility, we examined the effect of LBNP on reflex forearm va-* soconstrictor responses to the cold pressor test in that preliminary microneurographic experiments in this laboratory indicate that a major component of the vasoconstrictor response to the cold pressor test is central activation of muscle sympathetic nerve activity (36) . There was no augmentation of the forearm vascular responses to the cold pressor test during LBNP. In fact, these responses were significantly attenuated by concomitant application of LBNP (Fig. 3) . The findings are consistent with animal experiments which indicate that increasing levels of peripheral sympathetic nerve stimulation cause progressively smaller vasoconstrictor responses (31) . Thus, the augmented responses to neck pressure during LBNP occur in spite of, and not because of, the effect of LBNP on the relationship between sympathetic nerve activity and norepinephrine secretion during concomitant application of vasoconstrictor stimuli. Regardless (Table I and Figs. 1 and 2 ). These observations are consistent with data from previous human experiments in which physiologic changes in central nervous pressure did not affect carotid baroreflex control of heart rate ( 13). This specificity of the cardiopulmonary-carotid baroreflex interaction in humans for the control of vascular resistance rather than heart rate strengthens the conclusion that the interactive effect occurs within the central nervous system and not at the level of the carotid baroreceptors.
In conclusion, these experiments provide the first clear evidence in humans for an inhibitory interaction between cardiopulmonary and carotid baroreflexes. The findings provide a potential explanation for previous observations in supine human subjects that carotid baroreflex perturbations produce only very transient effects on muscle sympathetic nerve activity and forearm vascular resistance (42) (43) (44) . In our experiments, neck pressure produced an augmented and sustained vasoconstrictor response during simulated orthostatic stress with LBNP. These findings indicate that cardiac vagal afferents exert a profound inhibitory influence on the carotid baroreflex under supine conditions and suggest that carotid baroreceptors may be quite important in triggering reflex vasoconstriction when this inhibitory influence is removed during upright posture.
The findings in normal subjects also suggest important mechanistic implications regarding the reflex vascular adjustments that take place in pathophysiologic states in patients. During systemic hypotension, arterial baroreceptors should trigger sympathetic neural excitation and peripheral vasoconstriction. Based on our findings in healthy human subjects and those from studies in experimental animals (3-12), we speculate that these compensatory neurocirculatory adjustments would be modified greatly by concomitant alterations in cardiopulmonary vagal afferent discharge. In hemorrhagic shock, for example, patients are hypotensive as well as hypovolemic so that both carotid and cardiopulmonary baroreceptors are unloaded simultaneously. In this respect, hypovolemic hypotension is analogous to the experimental condition of neck pressure applied during LBNP. Therefore, in hemorrhagic shock, decreased cardiopulmonary receptor discharge should potentiate the arterial baroreflex and lead to augmented vasoconstriction in the extremities.
In contrast, when hypotension accompanies acute myocardial infarction, increased stimulation of cardiac vagal afferents may inhibit the arterial baroreflex (45) (46) (47) (48) (49) (50) (51) (52) (53) . Impaired vasoconstriction during cardiogenic shock could provide an important mechanism for preventing deleterious elevations in left ventricular afterload.
